Introduction

43
Since the industrial revolution, human activities released gigatons of CO2 in the atmosphere, which 44 participate to global change (Broeker et al., 1979; Caldeira and Wickett, 2003; Sabine et al., 2004; Zeebe 45 et al., 2008; IPCC, 2014) . Due to the "greenhouse gas" property of CO2, terrestrial and sea surface
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To study the impact of temperature, pCO2, and their putative synergetic effect on the physiology of the 139 giant clams and their symbionts, four experimental conditions were set up by applying two temperatures 140 (29.2°C and 30.7°C) and two levels of pCO2 (430 ±22 µatm and 1212 ±35 µatm). The tested conditions 141 were: (1) control: 29.2°C 430 µatm, (2) acidification stress: 29.2°C 1212 µatm), (3) thermal stress: 142 30.7°C 430 µatm, (4) acidification and thermal stress: 30.7°C 1212 µatm (Table 1) .
143
After a 3 weeks acclimation period in an outdoor tank, 96 clams were randomly distributed in 144 experimental tanks one week before starting the experiment. For each condition, we used a 500 L tank 145 containing 4 tanks of 30 L (ecological replicates) renewed at a flow rate of 50 L/h (seawater pumped in 146 the lagoon). Each 30 L tank contained 6 clams (biological replicates). To avoid physiological shock, 147 targeted temperature and pCO2 values were linearly achieved over 7 days. The light was set to obtain 148 a Photosynthetically Active Radiation (PAR) of 200 ± 20 μmol of photons. m -2 .s -1 on a 12 h:12 h light/dark 149 photoperiod. To evaluate the kinetics of the thermal and/or acidification stress, analyses were performed 150 at 4 different times of exposure, i.e., 29, 41, 53 and 65 days. In total, 64 clams were used for data To insure the stability of experimental conditions, temperature and pH parameters were measured twice 156 a day for each tank at 8:00 am and 4:00 pm using a mercury thermometer (certified ISO 9001, ±0.1°C 6 163 2.4. Holobiont O2 consumption and production measurements 164 Giant clams were placed in an ecophysiological measurement system (EMS) to monitor O2 consumption 165 and production. The EMS consisted in five open-flow chambers. Four giant clams were individually 166 placed into 4 chambers while an empty shell was placed into a fifth chamber used as a control. EMS 167 chambers contained water at the same temperature and pCO2 conditions as in the experimental tanks.
168
The light energy and photoperiod conditions were the same as for the acclimation tanks. Flow rate in all 169 chambers was constantly maintained at 12 L.h −1 . Each chamber was equipped with a two-way 170 electromagnetic valve activated by an automaton (FieldPoint National Instruments). When the electro-171 valve was opened, the water released from the chamber was analyzed for 3 min using an oxygen sensor 172 (OXI 538, Cellox 325, WTW, Weilheim, Germany) to quantify dissolved oxygen. Oxygen measurements 173 were performed over 48 h. The first 8 hours of measurement were discarded due to the animal 174 acclimatization to the chamber. In each chamber, the cycle was completed within 3 min: the first 2 min 175 served to stabilize the measurement and an average of oxygen data was performed on the last minute 176 of acquisition. This cycle was followed by another time frame of 3 min in the control chamber following 177 the sequence: specimen #1, control, specimen #2, control, specimen #3, control, specimen #4, control.
178
Respiration rate (RR) and production rate (PR) were calculated from data obtained during night-and 179 day-time, respectively, using differences in oxygen concentrations between the control and experimental 180 chambers. RR and PR = V(O1-O2), with O1 the oxygen concentration in the control chamber, O2 the 181 oxygen concentration in the experimental chamber, and V the water flow rate. RR and PR data were 182 normalized to tissue dry weight. Once normalized, the terminology becomes O2 consumption for RR 183 and O2 production for PR, both expressed in mg O2.h -1 .g -1 dry weight.
184
After O2 production and O2 consumption analyses were completed, a piece of the mantle was dissected 185 for further symbiont fluorescence and density analyses (see section 2.5). The remaining soft tissues 186 were frozen and lyophilized for RR and PR data normalization.
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Fluorescence and density measurements of symbionts 189
Potential effect of temperature and pCO2 conditions on the photophysiology of the symbionts was 190 studied by comparing fluorescence yield of photosystem II between all experimental conditions. After 191 clams were sacrificed, a 1 cm x 2 cm mantle fragment was dissected. The tissue fragment was gently 192 swiped using tissue paper to remove a maximum of mucus and symbionts were collected by doing 5 193 smears using a sterilized razor blade. Collected symbionts were diluted into 5 mL of 0.2 µm filtered-194 seawater and placed at the obscurity for 10 min to inactive the photosystem II before light excitation.
195
Samples were homogenized and 3 ml of the homogenate were collected, placed into a quartz-glass the Bartlett test, respectively. Production and consumption of O2 data followed the conditions of 243 application of parametric tests, but photosynthetic yields and symbiont densities were transformed using 244 Box Cox transformation while shell extension rates were square root to meet these conditions.
201
= ( % − ' ) '(1
245
Comparisons were done using a three-way ANOVA with interaction where factors were time of 246 exposure, temperature and pCO2. Tukey post hoc comparisons were done at α=0.05 for all analyses.
247
Correlations between physiological parameters were tested using Pearson method with a threshold of 248 r=0.25 (α=0.05).
249
For all physiological parameters, i.e., O2 respiration, O2 consumption, symbiont photosynthetic yield and For all sampling time (i.e., 29, 41, 53, 65 days), a cyclic pattern of O2 production and consumption is 257 observed following the circadian cycle ( Fig. 1 ). This pattern corresponds to oxygen photosynthetically 258 produced and heterotrophically consumed by the holobiont during the day and the night, respectively.
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Mean values of normalized O2 production and consumption are shown in Fig. 2 . These values were 260 analyzed using a three-way ANOVA with 3 fixed factors: temperature, pCO2, and the time of exposure 261 (Table 2) . Tukey post hoc test results are reported in Table 3 . The ANOVA indicates that oxygen 262 production of the holobiont during day-time is significantly altered at 30.7°C (P=0.009) but not at 1212 263 µatm of CO2 (P=0.361) ( Table 2 ). In addition, O2 production is higher at 29.2°C than at 30.7°C for all 264 times of exposure ( Fig. 2A ) and decreases along the experiment (P=0.030) ( 
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2A,B). No interaction effect between the 3 tested factors is found to affect the holobiont oxygen balance 268 ( 
276
Concerning the interaction parameters, only interaction between temperature and time of exposure 277 parameters has a significant effect on the symbiont photosynthetic yield (P=0.025) ( (Table 2 ). In the Fig. 2E , the mean values of shell extension rates 284 tend to be lower at high pCO2.
285 286
Relationship between physiological parameters 287
To establish if relationships exist between the various physiological parameters measured, a correlation 288 matrix was generated ( Table 4 ). The photosynthetic yield of symbionts is strongly correlated to their 289 density (r=0.667). O2 production is also strongly correlated to symbiont density (r=0.482) and 290 photosynthetic yield (r=0.331). Concerning the circadian functioning of the holobiont, its nocturnal 291 oxygen need is strongly correlated to the diurnal O2 production (r=0.629). No significant correlation is 292 found between shell extension rate and other physiological parameters.
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3.5. Effect of long-term exposure to temperature and pCO2 on the shell microstructure 295
Ultrastructural observations of shell fractures were done in two zones: zone 1 corresponding to the shell 296 formed in situ (i.e., before the experiment) and zone 2 corresponding to the shell formed in the 297 experimental conditions. The lamellae formed before the experiment (zone 1) are well-cohesive and 298 display an elongated shape, a smooth surface, and sharp or slightly rounded outlines (Fig. 3A,B ,C). For 299 all experimental conditions, no difference between zone 1 and 2 is observed for all samples exposed for 300 29 days (Fig. 3A,D) . From 41 days, the lamellae observed in the majority of shells formed during the 301 experiment (zone 2), in all temperature/pCO2 conditions, appeared less cohesive with a pronounced 302 granular aspect of the surface (Fig. 3E ,H) and/or less cohesive lamellae with a crazed-like aspect ( Fig.   303 3F,I). Two states classifying ultrastructural differences between the shell formed before and during the 304 experiment were defined as follow: i) ND; no difference observed between zone 1 and 2, ii) D; difference 305 observed between zone 1 and 2. In total, 19 samples over 24 displayed differences in lamellae aspect 306 between both zones. Data are reported in Table 5 .
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3.6. Effect of time of exposure on oxygen balance, biomineralization and symbionts photophysiology 309 Time of exposure to thermal and acidification stress was shown to have a significant impact on O2 310 production (P=0.030), photosynthetic yield (P=0.021), symbiont density (P=0.001) and shell growth rate 311 (P=0.007) ( Table 2) . Post hoc tests showed that the kinetics of thermal or acidification stress varies 312 depending on the physiological parameter measured: O2 production and photosynthetic yield are 313 significantly different between 29 and 65 days while symbiont density and shell growth rate are both 314 impacted from 53 days of exposure (Table 3) .
316
Discussion
317
In this present study, we investigated the physiological responses of Tridacna maxima (i.e., 4-years-old 318 specimens) to temperature and pCO2 conditions in the French Polynesian lagoons under nowadays 319 warmer season conditions and those predicted for 2100 by the IPCC 2014 (+1.5°C and +800 µatm of 320 CO2). Today thermal conditions are already and sufficiently stressful to induce an acclimatization 321 process pictured by a slight regulation of the symbiont density without the collapse of the photosynthesis.
322
However, if in the today conditions the giant clams are able to mount this acclimatory and efficient 323 response that enable to maintain their key physiological characteristics, the thermal and pCO2 conditions 324 of tomorrow appear to be much more stressful and sufficient to induce strong disturbances of the two 325 key functional compartments of the giant clam, its phototrophic symbiosis and its biomineralization.
326
Indeed, the 30.7°C treatments have significantly impacted the holobiont by inducing a strong bleaching 327 response illustrated by the reduction of its O2 production, symbiont density and photosynthetic yield.
328
High pCO2 (+800 µatm of CO2) was shown to alter the symbiont photosynthetic yield and density and to 329 affect its biomineralization process by decreasing the shell growth rate. 
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We observed that high temperature (+1.5°C) significantly reduces the holobiont O2 production, the 360 density and the photosynthetic yield of symbionts from 29 days of exposure. Additionally, partial or total 361 bleaching was observed for the majority of individuals exposed to 30.7°C (at both ambient and high 362 pCO2, Fig. S2 ). This suggests that thermal stress has a significant impact on the holobiont 363 photophysiology. The reduction of the symbiont photosynthetic yield could reflect a photoinhibition.
364
Photoinhibition was previously linked to the degradation of the D1 protein of the reaction center of the 
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However, after 29 days, the lamellae observed in the majority of shells formed in both temperature 394 conditions (whatever the pCO2 condition) appeared to be less-cohesive with pronounced granular 395 aspect. We suggest that these features are due to a lack of organic matrix between the lamellae (i.e., inter-lamellar organic matrix) and embedding the nano-grains forming the first-order lamellae in the (Venn et al., 2013; Holcomb et al., 2014) , the 436 decrease of coral calcification was also linked to a decline in pH in the calcifying fluid due to a lower 437 seawater pH (Ries et al., 2011; McCulloch et al., 2012) . In our case, we suggest that giant clam T. 438 maxima exposed to high pCO2 may allocate more energy to maintain a proper pH of the fluid in the 439 extra-pallial space for nucleation and deposition of aragonite since the Waragonite at high pCO2 is twice 440 lower than at ambient pCO2 (Waragonite, 1212 µatm = 2, Waragonite, 430 µatm = 4). Regarding the light-enhanced 441 calcification (LEC) (Vandermeulen et al., 1972) , this phenomenon observed in Symbiodiniaceae-host 442 symbiosis has been extensively described in corals and represents the capacity of symbionts to 443 stimulate the host calcification (Allemand et al., 2004) . The symbionts stimulate the host metabolism 444 and calcification by providing energy resources and/or O2 (Chalker and Taylor, 1975) . Moreover,
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symbionts may promote the aragonite precipitation by providing inorganic carbon, nitrogen and 446 phosphorus and by synthetizing molecules used as precursor for the synthesis of skeletal organic matrix 447 (Pearse and Muscatine, 1971; Cuif et al., 1999; Furla et al., 2000; Muscatine et al., 2005) . They also 448 facilitate CaCO3 precipitation by influencing the Dissolved Inorganic Carbon (DIC) equilibrium by 449 removing the CO2 via photosynthesis (Goreau, 1959) . Such phenomenon has been also described in biomineralization and allocate more energy to essential functions to its survival. In our study, 459 temperature also altered photophysiology and holobiont O2 production, but did not significantly affect 460 shell growth rate. Therefore, the most plausible hypothesis explaining the negative effect of pCO2 on 461 shell growth rate may be related to the low aragonite saturation state at high pCO2.
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Concerning the effect of pCO2 on the shell microstructural integrity, in the temperate bivalve Mytilus 463 edulis, an exposition to +150, +350 and +600 µatm of CO2 for 6 months induced a disorientation in the 464 shell of the newly formed calcite crystals of the prismatic layer (Fitzer et al., 2014) . In the giant clam T. 465 maxima, high pCO2 had no negative effect on the integrity of the aragonitic lamellae of the crossed-466 lamellar layer during the first 29 days of exposure. From 41 days of exposure, its potential impact 467 remains unresolved as differences were noticed in the shells formed under future high temperature, high 468 pCO2 and even under today high temperature/pCO2 conditions. The fact that differences are reported 469 for shells formed in all experimental conditions from 41 days suggests that they may be due to a long-470 term exposure to 29.2°C and 30.7°C.
472 14
This study enables the evaluation of Tridacna maxima physiological responses to temperature 473 and pCO2 thresholds predicted at the end of this century. We demonstrated that high temperature has 474 a significant negative impact on symbiont densities and photosynthetic capacities, which induce a 475 decrease in holobiont O2 production rate. We suggest that the observed decrease of holobiont O2 476 production rate results from a decrease of symbiont O2 production. Therefore, by influencing symbiont 477 physiology, the temperature may affect the energetic needs of the giant clam host. The high pCO2 has 478 a negative impact on shell growth rate, symbiont densities and photosynthetic capacities. Shell 479 microstructure is affected neither by temperature nor by the pCO2 in the first 29 days of exposure.
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However, for all temperature/pCO2 conditions, a longer exposition (³41 days) modified the shell 481 ultrastructure. These observations support our hypothesis that 29.2°C is a temperature that already 482 affects giant clam metabolism, at least over a long-term exposition. However, no synergetic effect was 483 found between temperature and pCO2 parameters. All these observations suggest that temperature and 484 pCO2 influence different physiological functions and that giant clam populations may dramatically suffer 485 from the temperature and pCO2 conditions predicted for the next decades. To complement these results
486
on the effects of temperature on the holobiont, it is now essential to conduct further and integrative 
